The substantia nigra pars reticulata (SNPR) has previously been shown to undergo tissue necrosis fol lowing status epilepticus induced by flurothyl in the rat. Even if the rat is ventilated, the SNPR develops necrosis if the epileptic period lasts more than 30 min. Rat brains were frozen in situ after 20 and 60 min of seizure activity and after 60 min of seizure activity followed by 60 min recovery. Labile energy metabolites were then analyzed in the SNPR and in the periaqueductal grey matter (PAG , control region). In the PAG , the metabolite changes during status epilepticus were similar to those reported for cerebral cortex and hippocampus. Measurements showed an unchanged AT P content and energy charge (97% and 98% of control, respectively) and an accumula tion of lactate to 9.2 ± 0.6 f,Lmol/g in the 60-min group. In the PAG, all metabolites measured had returned to con trol values after 60 min of recovery. In the SNPR, the perturbation of the energy metabolites was much more Generalized status epileptic us has long been known to cause neuronal damage. Tr aditionally, the neocortex and the hippocampus have been re garded as being most vulnerable (Corsellis and Meldrum, 1976) . It has been established only re cently that the damage incurred in these regions can be the result of seizure activity per se and not a mere result of systemic complications of the sei zure activity (Meldrum and Brierly, 1973; Meldrum et aI., 1973; Ben ari et aI., 1981; Soderfeldt et aI., 1981; Nevander et aI., 1985; Ingvar, 1986) .
Summary:
The substantia nigra pars reticulata (SNPR) has previously been shown to undergo tissue necrosis fol lowing status epilepticus induced by flurothyl in the rat. Even if the rat is ventilated, the SNPR develops necrosis if the epileptic period lasts more than 30 min. Rat brains were frozen in situ after 20 and 60 min of seizure activity and after 60 min of seizure activity followed by 60 min recovery. Labile energy metabolites were then analyzed in the SNPR and in the periaqueductal grey matter (PAG , control region). In the PAG , the metabolite changes during status epilepticus were similar to those reported for cerebral cortex and hippocampus. Measurements showed an unchanged AT P content and energy charge (97% and 98% of control, respectively) and an accumula tion of lactate to 9.2 ± 0.6 f,Lmol/g in the 60-min group. In the PAG, all metabolites measured had returned to con trol values after 60 min of recovery. In the SNPR, the perturbation of the energy metabolites was much more Generalized status epileptic us has long been known to cause neuronal damage. Tr aditionally, the neocortex and the hippocampus have been re garded as being most vulnerable (Corsellis and Meldrum, 1976) . It has been established only re cently that the damage incurred in these regions can be the result of seizure activity per se and not a mere result of systemic complications of the sei zure activity (Meldrum and Brierly, 1973; Meldrum et aI., 1973; Ben ari et aI., 1981; Soderfeldt et aI., 1981; Nevander et aI., 1985; Ingvar, 1986) .
In an attempt to further address the pathophysi ology of seizure-induced brain damage, we have pronounced during status epilepticus. The concentration of AT P decreased to 75 ± 3%, the energy charge to 91 % ± 12% and the adenylate pool to 86.7 ± 5.7% of control. Lactate accumulated to concentrations of 16.1 ± 1.8 f,Lmol/g and 24.9 ± 2.3 f,Lmol/g in the 20-min and 60-min groups, respectively. The concentration of lactate was still increased above control after 60 min recovery, whereas the concentration of AT P and the energy charge were lower than control. The findings demonstrate that sustained and intense neuronal activation can cause met abolic disturbance and thereby lead to necrosis. The very marked accumulation of lactic acid, likely due to mito chondrial failure, yields a very low intracellular pH, pos sibly explaining why a tissue necrosis, rather than selec tive neuronal necrosis, develops in the SNPR during status epilepticus. Key Words: Status epilepticus, lactate, substantia nigra, seizure mechanisms, pathophysiology of seizures. developed a model for generalized status epilep ticus in the rat that allows recovery of the animals following the seizure period. With this model, it has been possible to study the histopathological out come after prolonged periods of status epilepticus (Nevander et aI., 1984 (Nevander et aI., , 1985 . As the gas flurothyl was used for the induction and maintenance of the seizure activity, it was possible to promptly arrest the seizure period by simply discontinuing the supply of the convulsant gas and injecting a single dose of thiopental. Even though the physiological parameters were controlled, neuronal damage regu larly developed in animals subjected to seizures longer than 30 min.
The resulting damage showed three different pat terns. Following seizures of 60 min or longer, selec tive neuronal necrosis was seen in distinct regions and nuclei, such as the cerebral cortex (layer 3-4), the hippocampus (Cal and Ca4), and the thalamus (nee VPL-VPM). Sparse selective neuronal ne-crosis was also seen in grey matter close to the ventricles, but this pattern was not strictly localized to neuroanatomical structures. Lastly, the animals subjected to more than 25-30 min of seizures de veloped a pan-necrosis in the substantia nigra pars reticulata (SNPR) and in the globus pallidus. After 1 week of recovery, this was seen by light micros copy as a total destruction of tissue integrity and a marked infiltration by macrophages.
The regions developing selective neuronal ne crosis have been characterized metabolically during and after seizures (Howse et aI., 1974; Ingvar et aI., 1984; Chapman, 1985; Folbergrova et ai., 1985) . These regions display a 2-3-fold in crease in metabolic rate during seizures (Ingvar and Siesj6, 1983) . In the neocortex and hippocampus of ventilated animals, changes in labile metabolites during seizures include a small decrease in the con centrations of AT P and a small but significant de crease in the adenylate energy charge (Duffy et aI., 1975; Chapman et aI., 1977; Folbergrova et aI., 1981; Chapman, 1985; Folbergrova et aI., 1985) .
The total adenylate pool is not decreased if ade quate tissue oxygenation is maintained by ventila tion of the experimental animal. Seizures invariably lead to an increased rate of glycolysis, with forma tion of lactate and a fall in the tissue/plasma glucose concentration ratio. This reflects an increased en ergy demand rather than deficient oxygen supply (Siesj6 et aI., 1986).
The substantia nigra pars reticulata (SNPR) has recently attracted increased interest as it has been reported to play a central role in protecting the brain from convulsive activity (Iadorala and Gale, 1982) . The function of the SNPR also seems to be crucial for the propagation of the motor manifesta tions of different seizure models, including kindled amygdaloid seizures (Le Gal La Salle et aI., 1983).
Many different models of epileptic activity cause activation of the SNPR when studied by the deoxy glucose technique (Hosokawa et aI., 1980; Howse, 1983; Ingvar and Siesj6, 1983) . With this technique, it has been shown that following an intense activa tion of the SNPR at the beginning of a period of status epilepticus, the activity in the SNPR gradu ally declines to very low values (Ingvar and Siesj6, 1983) . This fall in activity coincides with the dura tion of status epileptic us necessary to induce tissue necrosis in the SNPR (N evander et aI., 1985) .
As the tissue destruction in the SNPR due to status epilepticus occurs after a predictable time period following the start of an intense period of status epilepticus, it is possible to study the corre lates in the energy metabolites to the development of this form of tissue damage. We specifically ques- 1987 tioned whether or not the SNPR develops signs of mitochondrial failure, with a more marked reduc tion in AT P levels than in other regions, during status epilepticus. Also, we explored the possibility that mitochondrial failure would lead to a greater accumulation of lactic acid, and thence, necrosis, by correlating the time course of the metabolic changes with the development of the pathological changes resulting in infarction (Nevander et aI., 1985; Auer et aI., 1986) .
METHODS
Thirty-two rats were studied, with eight rats per group. The four groups consisted of control animals, rats sub jected to 20 min of status epilepticus, rats subjected to 60 min of status epilepticus, and rats with 60 min of status epilepticus followed by 60 min recovery before freezing. The experimental procedure was essentially the same as that previously described (Nevander et aI., 1985; see also, Folbergrova et aI., 1985) . Briefly, halothane-anes thetized rats were tracheostomized and connected to a Starling type ventilator (Braun Melsungen, West Ger many). Catheters were inserted into a femoral vein and artery, and EEG electrodes were fastened in the skull. Af ter surgery, the rat was ventilated on N20/02 (70%130%), and blood gases and temperature were main tained within preset limits. The animals were then sub jected to status epileptic us by the injection of flurothyl (hexafluorodiethylether; Armageddon Inc., Arma geddon, OH, U.S.A.) into a rebreathing ventilation system containing a CO2 absorber and an O2 inlet. In the recovery group, the seizure activity was arrested by re moval of the rebreathing system containing the flurothyl and administration of an i. v. injection of sodium pen tothal (15 mg/kg).
The brain was frozen in situ during mechanical ventila tion by pouring liquid nitrogen directly into a plastic funnel fitted on top of the skull (Ponten et aI., 1973) . After 120 s, the head was immersed in liquid nitrogen and then chiselled out for later dissection at -15°C [see Lowry and Passoneau (1972) for stability of metabolite concentrations at this temperaturel. Before dissection, the brain was put in a dissection chamber to allow equili bration with ambient temperature (-15°C) for 15 min. Coronal slices were then cut from the caudal end until the SNPR was clearly identified (Paxinos and Watson, 1982) . This procedure was repeated rostrally, and the SNPRs were then cut out and, after rapid weighing on a torsion balance, immediately rechilled to -80°C for later extrac tion. This procedure yielded 3-5.5 mg SNPR tissue per rat. In the periaqueductal grey matter (PAG ), samples of equal weight were taken as control region. The fluoro metric determination of metabolite concentrations were then performed as previously described, with the modifi cation that the amounts of solvents used for extraction were optimized for the low weights of the samples (Fol bergrova et aI., 1981 (Fol bergrova et aI., , 1985 . The extraction was done in HCI-methanol at -22°C and subsequently in perchloric acid at O°e. After centrifugation and neutralization of ex tracts, enzymatic fluorometric analyses were performed. Due to the small samples obtained, samples from two rats were combined for each extraction. Statistical analyses were performed using one-way analysis of variance (ANOVA), with Dunnett's test as the post hoc procedure, establishing differences from the control group (p < 0.01 was regarded as a significant difference).
RESULTS
The physiological parameters measured immedi ately prior to the freezing of the animals are sum marized in Ta ble 1. The values are all comparable to those reported previously using this model for status epilepticus (Folbergrova et al., 1985; N e vander et al., 1985) .
Tissue metabolite concentrations are given in Ta ble 2. Measurements of the metabolites in the PAG and in the SNPR resulted in values similar to those reported for other grey matter structures, such as the neocortex and the hippocampus (e.g., Folbergrova et al., 1981) .
Glucose concentrations did not differ between regions in any of the groups measured, and during seizures, there was a significant fall in the tissue-to plasma glucose concentration ratio, as predicted from previous studies (Folbergrova et al., 1981 (Folbergrova et al., , 1985 Chapman, 1985) . The glycogen concentration decreased in the 20-min group in both regions.
However, in the 60-min seizure group, a further breakdown of glycogen stores was noted in the SNPR, whereas in the PAG, a net resynthesis of glycogen had taken place. In the recovery group, this resynthesis had normalized the concentration of glycogen in the PAG, but in the SNPR, the con centration had not returned to control values.
Induction of status epilepticus led to the ex pected fall in the phosphocreatine (PCr) concentra tion. In the PAG, the reduction was moderate and was similar at 20 and 60 min of seizure activity. In the SNPR, the reduction was more pronounced, especially at 60 min of seizures (about 50% of con trol). The concentration of PCr was still signifi cantly below control after 60 min recovery in the SNPR, whereas the concentration had normalized in the PAG.
The ATP concentration decreased in both regions at 20 min of seizure activity. After 60 min, the ATP level in the PAG was not different from control, whereas the concentration in the SNPR had further declined to 2.18 ± 0.08 /l-molig. During recovery, the ATP level was very close to control in the PAG, but in the SNPR, it did not normalize. The decrease in the ATP content seemed to be caused both by a decrease in the adenylate pool size and by a reduc tion in the energy charge.
After 20 min of seizures, the lactate concentra tion increased to 7.6 and 16 /l-mol/g in the PAG and in the SNPR, respectively. After 60 min, there was a significant further increase in the lactate concen tration in the SNPR to 24.9 /l-molig, whereas in the PAG, the mean concentration was not significantly different from the 20-min group. During recovery, lactate concentration normalized in the PAG but not in the SNPR.
DISCUSSION
The method of transcalvarial freezing of the brain tissue with maintained ventilation (Ponten et al., 1973) has been extensively used in the past in order to determine metabolite levels in the cerebral cortex and hippocampus (Folbergrova et al., 1981 (Folbergrova et al., , 1985 Chapman, 1985) . The regions sampled in this study are located in the mesencephalon, a consider able distance from the cortical surface. In the con trol animals, the concentration of metabolites mea sured in both regions was close to levels previously reported for cerebral cortex. This indicates that substrate and oxygen delivery were upheld until the freeze front reached these areas (60-90 s). This is concordant with previous data obtained from the inferolateral parts of the neocortex (Ponten et al., 1973) . We conclude, therefore, that neither the PAG nor the SNPR develops autolytic changes during freezing.
However, freezing the neocortex may well de press the seizure activity in the SNPR for '30-60 s before the latter structure is also frozen. Such depression could allow the concentration of ATP to increase and the concentration of ADP and AMP to decrease. As the adenine nucleotide metabolism 2.66 ± .18" 2.18 ± .08" .517 ± .035 .218 ± .028" .837 ± .011" 24.9 ± 2.4" 3.13 ± .47 2.01 ± .19" 60-min + 60 min recovery 3.73 ± .07" 2.26 ± .05" .497 ± .026" .105 ± .009 .877 ± .005" 6.55 ± .93" 2.54 ± .21 2.24 ± .19" " Significan t differen ce from the respective control group (p < 0.01). Each group con sists of eight an imals, but as the tissue from two animals were pooled, values represent mean ± SE from four an alyses.
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was clearly deranged, the measured perturbation of ATP levels does not represent a spurious alteration and is possibly also underestimated.
In all probability, changes in the glycogen and lactate concentrations were validly assessed. This is due to the slow rate of glycogen resynthesis and the slow removal of lactate accumulated during sei zures (see Folbergrova et ai., 1985) . However, as the depression of metabolic rate during freezing would quickly curtail the utilization of glucose, the tissue glucose values reported for the seizure groups may be artefactually high.
A previous study in which tissue damage was as sessed after 1 week of recovery demonstrated that status epilepticus of 30 min duration or more caused a necrosis of most of the cellular compo nents in the SNPR but sparse damage in the PAG (Nevander et ai., 1985) . The SNPR already shows signs of irreversible damage when perfusion-fixed and studied electron microscopically at the end of a 35-min seizure period (Auer et ai., 1986) . The two regions sampled showed different metabolic reac tions to the seizure activity. The changes in the PAG were all similar to those reported for seizures in grey matter regions in animals with an upheld oxygenation by artificial ventilation (Duffy et ai., 1975; Chapman et ai., 1977; Folbergrova et ai., 1981 Folbergrova et ai., , 1985 Ingvar and Siesj6, 1983) . In contrast, the SNPR showed a more severe metabolic pertur bation, reflecting the development of the necrosis.
Notably, the ATP content was markedly reduced, and lactic acid accumulated to levels approaching those measured during 30 min of incomplete isch emia in fed animals (Rehncrona et ai., 1981) .
It may be questioned whether relative hypoxia is responsible for the accumulation of lactic acid in the SNPR. Unpublished results (Ingvar and Ne vander, in preparation) show that local cerebral (Ingvar and Siesj6, 1983) .
Furthermore, the structural integrity of the capil lary endothelium is preserved during the develop ment of the necrosis in the SNPR (Auer et ai., 1986) . The animals thus have an upheld arterial ox ygenation, an adequately maintained CBF, and an intact microcirculation. Therefore, tissue oxygena tion does not seem to be a critical factor for the derangement of the energy metabolism in the SNPR.
Seizures induced by bicuculline (Ingvar and Siesj6, 1983) , metrazol (Howse, 1983) (Salford et ai., 1973; Gardiner et ai., 1982) .
However, a cardinal difference between hypoxia ischemia and seizures is the unabated oxygen de livery in the latter. This could allow degradation of tissue elements by reactions that require oxygen (Halliwell and Gutteridge, 1985) .
We propose the term hypermetabolic necrosis to describe the damage inflicted upon the SNPR. Un doubtedly, the series of events initiating this pro cess involves an intense and sustained activation of the SNPR, possibly through activation of cortico fugal axons coming from the anterior neocortex (Fonnum et aI., 1983; Ingvar, in preparation) . The present metabolic results, together with the demon stration of early axonal pathology with mitochon drial swelling (Auer et aI., 1986) , indicate that mito chondrial failure develops early in axons. We sug gest that such failure is the result of massive voltage-dependent Ca2+ influx into the axons (caused by rapid axonal firing), resulting in an overload of the Ca2+ sequestering mechanisms, especially in mitochondria (Siesjo, 1981 ; see also Griffiths et aI., 1982) .
The mitochondrial derangement might in turn be responsible for the lactic acid accumulation that leads to the pronounced local acidosis in the SNPR.
Several other authors have previously proposed that lactic acidosis plays a major role in the devel opment of cerebral damage (Myers, 1979; Plum, 1983) . We emphasize that necrosis of the SNPR in seizures has some unique features differentiating it from ischemia, as mitochondrial failure and accu mulation of lactic acid develops in spite of an abun dant supply of glucose and oxygen. It has been sug gested that acidosis by itself could hamper the cel lular regeneration of NADH, which is necessary for the formation of ATP (Welsh et aI., 1982) , and it has been shown that recovery of the cerebral energy state following cerebral ischemia is worse with higher levels of accumulated tissue lactic acid (Rehncrona et aI., 1981) . Hence, the reason for the rampant development of pathological changes may be due to a circulus vitiosus, where the acidosis it self leads to a further accumulation of lactic acid.
